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1. INTRODUCTION 
The geomechanical behaviour of shales is quickly 
becoming one of the most important issues in modern 
geomechanics, largely driven by the nuclear waste ge-
ological storage and, the extraction of gas shale and the 
sequestration of CO2. In any such application, a deep 
understanding of the hydro-mechanical behaviour of the 
involved materials is of primary significance. The 
volumetric response under effective stress variations and 
the permeability are of primary importance in 
determining the hydro-mechanical behaviour of shales. 
Stress history, diagenesis and cementation may cause 
shales to have high preconsolidation pressures (usually 
greater than 10 MPa). 
This paper presents advanced experimental techniques 
and an apparatus that have been recently developed at 
the Swiss Federal Institute of Technology of Lausanne 
(EPFL) for testing the hydro-mechanical behaviour of 
shales. Selected test results are presented for two shales 
from the northern region of Switzerland. The results 
highlight how the proposed methodology allows to 
gather information on the compressibility, consolidation 
coefficient and permeability of shales in wide ranges of 
confining stresses. 
 
2. EXPERIMENTAL DEVICE AND 
TECHNIQUES 
2.1. High pressure oedometric cell 
A multi-purpose oedometric cell was developed to 
analyse the hydro-mechanical behaviour of the shales at 
high confining stresses. The device allows for the 
performance of tests in non-isothermal and controlled 
suction conditions (Ferrari and Laloui, 2012). This 
section focuses on the use of the device for testing the 
volume change behaviour of shales in saturated 
conditions. The layout of the apparatus used is depicted 
in Figure 1. 
The cell is designed to hold cylindrical specimens (12.5 
mm in height and 35 mm in diameter). The oedometer 
cell is put into a rigid stainless steel frame. The vertical 
load is applied by a hydraulic jack connected to a 
volume/pressure controller. The relationship between the 
controller pressure and the vertical stress on the 
specimen was assessed through a calibration step, which 
took into account the friction developed within the 
system (Salager et al. 2010). The loading ram is 
positioned in the lower part of the system to prevent the 
specimen from being loaded before the test starts. The 
maximum vertical stress that can be imposed on the 
specimen is 100 MPa. The volumetric strains are 
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measured by three LVDTs (with a resolution of 1 µm), 
which are fixed to the frame and are in contact with the 
loading ram. The tests can be performed in incremental 
loads, in a constant loading rate mode or in a constant 
vertical strain rate mode. Two pumps are used to control 
the pore water pressure at the bottom and top basis (up 
to 2 MPa) and to measure the volume changes of the 
pore water (accuracy of 10 mm3). 
To analyse the settlement versus time curve for each 
loading increment, an analytical solution was developed 
that considers the time requested by the controller for 
applying the target pressure, the deformation of the 
apparatus, the primary consolidation settlement for a 
non-instantaneous loading and the secondary 
consolidation. 
2.2. Specimen preparation 
One of the main issues during the preparation of the 
shale specimens for the high-pressure oedometric tests is 
the preservation of the initial conditions of the material 
(water content, degree of saturation..) which implies that 
no water can be used during the cutting phase; besides, 
the oedometric condition must be granted during the test 
thus a good contact between the specimen and the 
internal walls of the oedometric ring must be achieved, 
avoiding holes and fractures due to crashing of the 
material during the coring process. In order to respect 
the previous requirements, an ad-hoc procedure is 
developed and systematically applied to obtain the 
specimens for the oedometric tests. The procedure is 
presented in Fig: a slice with a thickness of 
approximately 20 mm is sawn without unpacking the 
core from the black PVC tubes in which the material is 
stored, in order to minimize the disturbance to the 
sample (Fig.a); since the material exhibits a tendency to 
crack during the re-coring, the diameter of the slice is 
progressively reduced in order to obtain a disk with a 
diameter slightly larger than the final confining ring 
(Fig.b). Final re-coring is performed by using a 
hydraulic press (Fig.c). In the end, the lower and upper 
faces are smoothed using sand paper (Fig.d) in order to 
obtain parallel and plane surfaces (Fig.e). 
2.3. Tested shales 
Test results are presented for two shales from the 
northern region of Switzer-land: the Opalinus Clay 
sample was obtained from the Mont Terri Underground 
Laboratory and the “Brown Dogger”, from a deep 
geothermal well (depth of 766.67 and 778.30 m) near the 
village of Schlattingen in the Molasse Basin. The tested 
Opalinus Clay (OPA) consists of dark grey silty, 
calcarerous shales with a typical clay content of 55-60%, 
25-30% carbonate, 5-10 % quartz and 10-15% 
biodetritus.  The core samples of “Brown Dogger” (BD) 
originated from the Varians- and Parkinsoni-
Würtembergica beds (Bathonian/Bajocian age), 
consisting of silty to clay-rich marls with a clay content 
of 25-45%, 30-50% carbonate and 20-25% quartz. The 
OPA and BD have a liquid limit wl = 0.38 and 0.27, 
respectively, and a plastic limit wp = 0.23. Natural water 
contents for the collected samples were 7% for the OPA 
and 3% for the BD. The specific gravity is Gs = 2.74 for 
the OPA and 2.72 for the BD. Average void ratio was 
0.21 for the OPA and 0.10 for the BD. Mercury 
Intrusion Porosimetry (MIP) was used to determine the 
pore size density function of the selected cores. The PSD 
functions were found to be unimodal for both tested 
shales, showing pore modes at approximately 20 nm and 
15 nm for the OPA and the BD samples, respectively. 
 
 
Fig. 1. The high-pressure oedometric cell used to 
perform the tests on shales in saturated conditions 
(Ferrari and Laloui, 2012). 
 
 
 
Fig. 2. Specimen preparation for oedometer tests. 
 
 
 
2.4. Experimental program 
The results are presented for the tests performed by 
incremental loading, which attained a maximum vertical 
stress equal to 30 MPa and 100 MPa for the OPA and 
the BD, respectively. The high level of applied vertical 
stress was required to observe the transition from the 
over- to the normally consolidated state of each material. 
The specimens were initially saturated in isochoric 
conditions by applying a back pressure in the range of 20 
– 50 kPa, and the developed swelling pressure was 
measured. Afterward, two loading-unloading cycles 
were performed in stages, allowing for the complete 
dissipation of the excess pore water pressure (drained 
conditions). 
Synthetic waters aiming to reproduce the in-situ pore 
water composition were used throughout the tests 
(Pearson 1998; Mäder 2011). The osmotic suctions of 
the synthetic waters used were measured by a dew-point 
psychrometer and result-ed in values of 0.9 MPa for the 
BD and 1.2 MPa for the OPA. 
3. TEST RESULTS 
Figures 3 and 4 depict the total settlements of the OPA 
and the BD, respectively, which are measured at the end 
of each loading step and corrected in light of the 
deformation of the apparatus, in terms of the volumetric 
strain versus the vertical effective stress. The figures also 
depict the volumetric strain relative to the end of the 
primary consolidation. The difference between the total 
and the end-of-primary strains is associated with the 
secondary consolidation component. The average 
computed coefficients of secondary compression were 
0.0006 for the OPA and 0.0004 for the BD. The end-of-
primary strains are used to compute the compression and 
the swelling indexes and to assess the vertical effective 
yield stresses (Figures 3 and 4). The oedometric 
modulus (Eoed) and the coefficient of consolidation (cv) 
as a function of the applied vertical effective stress are 
depicted in Figure 4.  
 
 
 
Fig. 3. Results of the oedometric test on the Opalinus Clay (Ferrari and Laloui, 2012). 
 
Fig. 4. Results of the oedometric test on the Brown Dogger (Ferrari and Laloui, 2012) 
A systematic higher rigidity of the BD versus that of the 
OPA was registered; this observation was consistent 
with a lower initial void ratio. 
Finally, the coefficient of permeability (K) was back-
calculated for each load increment using the definition of 
the coefficient of consolidation:  
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where γw is the specific weight of water. The computed 
values for both materials are reported in Figure 5 as a 
function of the void ratio. The obtained trends are in 
very good agreement with the results of constant head 
permeability tests that have been reported by other 
authors (Horseman et al. 2007; Romero et al. 2012).  
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Fig. 4. The oedometric modulus (a) and the coefficient 
of consolidation (b), each as a function of the vertical 
effective stress computed from the analysis of the 
settlement versus time curves. 
 
Fig. 5. The coefficient of permeability as a function of 
the void ratio computed from the analysis of the 
settlement versus time curves and compared with other 
available data. 
 
This agreement shows that, when the end-of-primary 
consolidation and the coefficient of consolidation are 
properly computed, high-pressure oedometric tests can 
be used to gather information on the permeability of the 
tested shales within a significant range of porosity. 
4. CLOSING REMARKS 
The paper presents experimental techniques that have 
been developed for analysis of the volumetric response 
of shales at high confining stress levels. Selected 
experimental results for two shales from the northern 
region of Switzerland are presented and discussed.  
A new high-pressure oedometric cell was introduced to 
analyse the transition from the over- to the normally 
consolidated state of shales. Attainment of a vertical 
effective stress in the range of 30 – 100 MPa was needed 
to measure the yield vertical stress. Analysis of the 
settlement versus time curves yielded information on the 
consolidation parameters and the permeability at various 
stress levels and void ratios.  
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